Rat injury model under controlled field-relevant primary blast conditions: Acute response to a wide range of peak overpressures (doi: 10.1089/neu.2012.2652) This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. 
Introduction
The improvised explosive devices (IED) are widely used by insurgents, increasing the risk of sustaining blast induced injury by military personnel and civilians. The blast injury is described by four causative categories. [1] [2] [3] Primary blast injury is caused by the sharp rising pressure of the shock wave with duration of a few milliseconds, passing through the tissue. Secondary blast injury results from impact of high-velocity fragments and debris. Tertiary blast injuries originate from the blast wind and the resulting body acceleration, displacement and impact, and quaternary blast injuries are consequences of the heat and toxic smoke exposure associated with explosive detonations. 4 Based on limited available field data, it can be estimated that effect of pure primary air blast may occur in the range of 2kg to 100 kg of explosive C4 when the object is in the range of 2m to 10m distance. In such a range the peak overpressure is in the range of 60 kPa to 400 kPa, time duration of 2 to 8 ms and in impulse of 70 to 400 kPa.ms. 5 In this paper, we are concerned only with the primary blasts when the head, and its contents (along with the entire body) is subjected to primary blast loadings.
The loading modes and mechanisms of injury are well documented for blunt (tertiary) and ballistic (secondary) impacts. Whether and how the primary blast (pure shock waves) causes mechanical insult to the brain and triggers initiation of biochemical sequelae resulting in dysfunction is presently not known and is the chief interest of this paper.
The primary injury and associated physiological effects gained prominent interest during aerial bombing of World War II when soldiers sustained shock or death with no external signs of injury. 6 The primary blast injury is most significant in air containing organs: ears, 7 lungs,
wide prevalence of blast traumatic brain injury (bTBI) in conflicts in Iraq and Afghanistan [14] [15] [16] is a driving force behind research effort to characterize biomedical effects of blast waves. When studying the mechanical and physiological effects of shock waves, it is desirable to produce a shock wave with precisely controlled parameters for a given field explosive condition, specified a priori: the maximum peak overpressure, positive and negative phase duration and impulse. This level of control is achieved with compressed gas (helium, nitrogen or air) driven air shock tube. 17 The in vivo models are used frequently in conjunction with shock tubes to simulate field conditions, to establish injury thresholds and discern pathological mechanisms. [18] [19] [20] [21] [22] [23] [24] Traditionally, there are two approaches to develop blast exposure animal models using shock wave generators:
1) the test specimen is secured on the outside, or inside near the exit, 6, 8, 20, 21, [25] [26] [27] [28] [29] [30] [31] [32] or 2) placed in the test section located deep inside of the shock tube. 33 In recently published work, 34 we demonstrated very different loading conditions are characteristic for these two configurations.
Internal organs of the rat placed inside experienced Friedlander waveform type of loading characteristic of primary blast conditions. On the outside, the blast wave is degraded to sub-sonic jet winds (with relatively high velocity and long duration), the incident pressure is decreased, and these conditions result in acceleration-deceleration type of injury, classified as the tertiary blast injury. 34 Moreover, the choice of the location of the test specimen inside of the shock tube is not arbitrary, but governed by the physics of the supersonic shock traveling inside the confined space. 5 Only deep inside the shock tube primary blast loading conditions are generated and not elsewhere. Hence, our blast injury animal model accurately replicates the primary blast loading conditions, unaffected by 3D jet winds and other artifacts. This is the key contribution of this work.
Five, 10-week-old male Sprague Dawley rats (320-360 g) were sacrificed using carbon dioxide (CO 2 ) until all movements had ceased. The death of the animal was confirmed before the experiment, i.e. by ensuring no reaction to a noxious stimulus. Immediately following the sacrifice, a surface mount Kulite sensor (LE-080-250A) was mounted on the nose to measure the reflected pressure, and two Kulite probe sensors (XCL-072-500A, diameter: 1.9 mm, length: 9.5 mm) were implanted in the thoracic cavity and in the brain. Figure 2A shows the schematic of the approximate positions of these sensors. For the brain sensor implantation, the tip of the sensor was backfilled with water to ensure good contact with tissue, and the sensor was inserted through the foramen magnum 4-5 mm into the brain tissue (detailed description of methodology of sensor implantation and sensor locations are specified in reference 34 ). All pressure sensors were calibrated individually, using the 101 mm diameter shock tube specifically designated for that purpose. We accurately calibrated sensors via precise measurements of the shock wave velocity (with the application of a series of gauges placed along the shock tube) and invoking Rankine-Hugoniot jump conditions to relate shock wave velocity and overpressure. Cadaver rats were exposed to five shots per animal at: 130 kPa (two rats) and 190, 230, 250 and 290 kPa (two rats). One rat with lungs filled with ballistic gel to ameliorate inconsistent pressure readings was exposed at five blast overpressures (130-290 kPa). A Fast Fourier Transformation (FFT) analysis was performed on the 50 ms of the ICP signal acquired at the sampling rate of 1 MHz (50,000 points) using Origin 7.5 software with rectangle window and amplitude power normalization using the MSA (mean square amplitude) algorithm.
The anesthetized animals were subjected to various levels of injury, characterized by the peak overpressure ranging from 130 to 290 kPa (Table 1) . No resuscitation was performed after trauma.
Physiological parameters
Body weight (BW) measurements were performed before and 24 hours post-exposure. Multiple vital signs were measured non-invasively using clinically validated MouseSTAT, a rodent physiological monitoring system (Kent Scientific Corp., Torrington, CT). Briefly, the anesthetized rat was placed in a supine position on the warming pad attached to the control unit to maintain natural body temperature and prevent hypothermia. The temperature was measured rectally at a rate of one Hz over the 30-minute period before and after the blast exposure.
Simultaneously, heart rate, spO 2 and perfusion index, were recorded by a y-clip sensor clamped to the back paws of the rat.
Evaluation of pulmonary injury severity
Immediately, after the blast exposure, the lungs were extracted from the thoracic cavity, placed in 30-40 mL of freshly prepared solution of 10% formalin and stored at 4 °C for further evaluation. Lung injury severity associated with the primary blast exposure was performed using the Pathology Scoring System for Blast Injuries developed by Yelveton. 36 The extent of injury is defined by the Elements of the IS according to the equation:
where E is the extent of injury to the lungs (range 0-5); G is the injury grade including the surface area of the lesions (range, 0-4); ST, severity type elements, which classify the type of the
worst-case lesions (range, 0-4); and SD is the severity depth element, indicating the depth or the degree of disruption of the worst-case lesion (range, 1-4).
Transcardial perfusion
At 24 hours post-exposure, rats were anesthetized with ketamine/xylazine mixture and transcardially perfused with wash solution (0.8% NaCl, 0.4% dextrose, 0.8% sucrose, 0.023% CaCl 2 and 0.034% sodium cacodylate), followed by fresh fix solution (4% paraformaldehyde solution supplemented with 4% of sucrose in 1.4% sodium cacodylate buffer, pH = 7.3).
Immediately, after perfusion, heads were decapitated and stored for additional [16] [17] [18] hours in the excess of fix solution. The brains were subsequently extracted the following day, and stored refrigerated (4 °C) in the sodium cacodylate storage buffer. Brains were shipped in phosphatebuffered saline (pH = 7.2) to Neuroscience Associates (Knoxvill, TN) for sectioning and staining.
Histological procedures
At Neuroscience Associates, the brains were embedded into one gelatin matrix block using MultiBrain Technology™. The block was then allowed to cure and subsequently rapidly frozen in isopentane chilled with crushed dry ice (-70 °C). The block was mounted on a freezing stage of a sliding microtome and coronal sections with a thickness of 40 µm were prepared. All sections were collected sequentially into an array of 4" x 6" containers that were filled with antigen preserve (buffered 50% ethylene glycol). At the completion of sectioning, each container held a serial set of one of every twelfth sections, i.e. single section at every 480 µm intervals).
These sections were stained with an antibody against rat IgG to assess the BBB damage, and with amino cupric silver staining to detect neurodegeneration. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Immunostain
For immunohistochemistry, free-floating sections were stained. Sections were rinsed with Tris Buffered Saline (TBS) and incubated in 0.3% H 2 O 2 in order to block endogenous peroxide activity. Next, sections were blocked in 10% block serum with 0.3% Triton X-100 in TBS for 1 h at room temperature, followed by incubation in primary antibody overnight at 4°C. Following rinses, a secondary biotinylated antibody was applied. IgG immunoreactivity was visualized by incubation of sections with diaminobenzidine tetrahydrochloride (DAB) and hydrogen peroxide.
The sections were mounted on gelatinized glass slide, air dried, dehydrated in alcohol, cleared in xylene, and cover-slipped.
Amino cupric silver stain
The amino cupric silver staining was performed according to the modified protocol described by deOlmos and associates 37 and described in details elsewhere. 38 Briefly, the 40-µm free-floating sections were taken through the following major steps: pre-impregnation, impregnation, reduction, bleaching, and fixing. The sections were removed from the cacodylate buffered formaldehyde and rinsed with deionized water. They were then placed in dishes containing the pre-impregnation solution (for detailed composition refer to the work of Garman and co- were rapidly transferred through bleaching solutions: 1) potassium ferricyanide in potassium chlorate with lactic acid, 2) potassium permanganate with sulfuric acid, and 3) sodium thiosulfate, and then fixed in rapid fixer solution for 1.5 min. Finally, the sections were rinsed in deionized water, mounted on gelatin-subbed glass slides, and counterstained with neutral red to reveal normal cell bodies.
Microscopic evaluation
The slides with anti-IgG stained coronal sections were digitized at 1200 x 1200 dpi resolution.
The total number of 54 slides was used in this study, but some sections from the anterior and the posterior parts of the brain parenchyma were omitted due to smaller size and lower staining For the visualization of neurodegeneration and IgG uptake the slides stained with amino cupric silver and anti-IgG were inspected using Nikon Plan Apo 10x and Nikon Plan Fluor 40x magnification objectives mounted on Nikon Eclipse Ti-E inverted microscope. Representative images for observed pathologies were recorded using QImaging EXi Aqua™ camera attached to the microscope with the resolution of 1392 x 1040 pixels. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Data analysis
Unless otherwise stated, the data are presented as mean ± standard error of the mean (SEM).
Unpaired two-tailed Student's t-tests were performed in order to assess statistical significance between samples, and p-values below 0.05 were considered significant. One way analysis of variance (ANOVA) with Bonferroni-Holm post-hoc test was performed to evaluate the differences between test groups. Power analysis was performed using freely available G*Power software, version 3.1.5.
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Results
Metrics of the primary blast
The experimental setup used in this study is presented in figure 1A . Rats were exposed to primary blast in the 9 inch, square cross section shock generator using helium as a driver gas. Table 1 ) are also independent (p < 0.0001, power > 0.99). Similar analysis performed on overpressure-time integrals revealed all groups are also independent (p < 0.001, power > 0.95). Thus, it appears peak overpressure and impulse are equally sensitive metrics to describe blast related biomechanical loading and associated pathologies. In the present case, we will refer to different groups studied within the framework of this research effort using peak overpressure values (see Group Alias column in the Table 1 ). This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Biomechanical loading evaluation
For evaluation of the biomechanical loading in the rat, a single pressure sensor was mounted on the nose of the sacrificed rat and two more pressure probe sensors were implanted in the brain and lungs ( Fig. 2A) , to monitor the reflected, intracranial and intrathoracic pressures. Typical pressure profiles for all four sensors used (side-on, nose, brain and lung) are presented in Figure   2B . The intensity of the reflected pressure measured on the rat's nose is higher than the intensity of side-on pressure, and both are characterized by gradually increasing values ( 
Primary blast induced mortality
The mortality rates among animals exposed to different levels of blast overpressures are shown in Table 1 . Exposure to 130 kPa (n = 18) and 230 kPa (n = 10) resulted in no animal death, whereas exposure to 190 kPa (n = 20), 250 kPa (n = 17) and 290 kPa (n = 6) peak overpressure resulted in 30%, 24% and 100% mortality, respectively. All animals died immediately after blast exposure and there was no delayed death. 
Intracranial pressure analysis
In order to elucidate various modes of blast loading, we performed a set of analyses on the data reported by the brain pressure sensor. Using peak-trough analysis, we correlated biomechanical loading at the early, the most violent stages of blast wave-cranium interactions (initial 0.4 ms, Fig. 3A, B) , with the blast induced mortality ( Table 1 ). The monotonically increasing peak overpressure and impulse values measured outside (side-on sensor) or inside of the cranium are not following the same trend as mortality data in the Table 1 . However, there is strong correlation between the sum of the first two peak-to-peak amplitudes and mortality (Fig. 3C ). 
Physiological parameters
We noted statistically significant weight loss in both 190 kPa and 250kPa injury groups 24 hours after blast exposure (Fig. 4) .
The heart rate monitoring was performed over the period of 30 minutes before and after the blast exposure (Fig. 5A, B) . Observed changes in the heart rate difference between control groups were non-significant ( appears blast induced bradycardia, i.e. expressed as the difference of average heart rate measured during 30-minute intervals before and after exposure, follows a simple dose-response model, with upper value of 62 ± 4 bpm, and inflection point at 126 kPa (Fig. 5D ). However, all the groups of rats exposed to blast are correlated, with 130 and 190 kPa groups being borderline correlated (p = 0.065).
There are no differences in the blood oxygen saturation (spO2) between control and blast exposed rats (data not shown).
Shock wave induced acute lung injury
No animals showed external signs of trauma. At necropsy (performed immediately after the blast exposure), animals subjected to a blast wave showed typical evidence of moderate pulmonary hemorrhage ( Fig. 6 ), associated with vascular damage, direct alveolar injury and edema, and generally described as "blast lung". 10, [40] [41] [42] As illustrated in Figure 6 , animals subjected to a higher blast overpressure (190-290 kPa groups) were found to have statistically significant pulmonary hemorrhage compared to sham control. The onset of injury in our model takes place at 130 kPa peak overpressure. Modeling of the pulmonary injury as a function of peak overpressure with dose-response function revealed inflection point is located at 184.2±15.7 kPa, with a plateau (the highest score) at 14.32±1.85 (Fig. 6G ). This value is rather low: the maximum possible value in the Yelverton's blast injury index for lungs is 64. 36 Interestingly, pathological evaluation of pulmonary injuries in one rat from group 290 kPa (100% acute mortality), revealed virtually no signs of lung injury. In the areas most severely affected by hemorrhage, approximately 15 to 60 percent of the alveoli are filled with acute pools of hemorrhage (data not shown). Near these pools, there were respiratory bronchioles, which contained small amounts of This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
edema fluid. The more normal sections of lung have moderate atelectasis and very sparse to absent emphysema.
BBB damage and IgG uptake by neurons
Staining to reveal IgG in the brain parenchyma was performed for every twelfth section (each section was 40 µm thick) equally spaced across the entire rat brain (Fig. 7) . The purpose of this Figure 7B presents RODs of 40 sections as a function of section number for a single rat from 190 kPa group. At lower blast intensities (190 and 230 kPa), in some rats the ROD has higher value in the rostral than in the dorsal brain region (Fig. 7B) . The ROD gradient is not a general pattern and typically the variations are not substantial. However, in one rat exposed at 250 kPa blast intensity the highest RODs (2.3-2.7) are noted in the slides number 28-35 (not shown).
The RODs pertain to the same brain were averaged and expressed as average relative OD (AROD). The results for rats exposed at three different blast intensities are presented in Figure   7C . At 190 kPa group, two rats have higher AROD than the control group (AROD > 1), but two others are comparable. Similar results are noted for the 230 kPa group, but only one rat has This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
higher average intensity of IgG staining, than rats in the 190 kPa group. The level of BBB damage appears to be correlated with the blast intensity (Fig. 7C ).
In animals with compromised BBB, numerous IgG-positive cells of neuronal morphology were noted across brain parenchyma. The IgG accumulated predominantly in the cells localized in various parts of the cerebral cortex (Fig. 8 ) and the hippocampus (Fig. 9) . We have also evaluated brain sections of rats exposed to 190, 230 and 250 kPa blast intensity using amino cupric silver staining. These tests gave negative results, indicating 24 hours is insufficient period of time to induce neurodegeneration. This result is consistent with findings of others.
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Discussion
When the blast wave impacts the human body, part of the shock is reflected and diffracted, while part of it is transmitted. Reflected pressure is the pressure acting on the body and is always higher than the incident pressure (the details are discussed in ref. 34 ). The mechanical load experienced by the animal is based on the reflected pressure (that is directly acting on the surface of the animal) and not incident pressure. An additional factor that needs to be considered is that the structure may be deformed due to the external load; this deflection will in turn induce additional pressure in the contained fluid. Thus the intracranial pressure will depend on the directly transmitted energy and that induced due to the pressure surges associated with the skull deflection. Further, the magnitude of deflection itself depends on the structural rigidity of the skull and the magnitude of external biomechanical loading. If the skull structure is thin (e.g. rat skull) the skull will deflect more pressurizing the brain higher compared to a thicker skull (e.g. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
together or alone can generate high-frequency stress waves and lower-frequency shear waves, and both types are potentially injurious to the tissue. 13, 43 Experimental evidence collected in the past suggests that the blast-related injury is governed by three key input parameters associated with the shock wave: 1) peak overpressure, 2) the overpressure (positive phase) duration, and 3) positive phase impulse (the integral of overpressure in the time domain). To evaluate the effect of blast exposure various animal models were exposed to different forms of blast ranging from direct exposure to live explosives and controlled blast waves. 24 Although testing animal models using live explosives provides an alternative loading condition, this does not provide a controlled setting for studying primary blast injuries. Due to complications in controlling blast parameters, it is difficult to investigate separately the effects of primary blast 44 and repeatability of the blast conditions is rather poor. 45 In the present study, we demonstrate precise control of shock wave characteristics ( Fig. 1) combined with an appropriate test specimen location in the shock tube, 34 facilitate an inquiry into the mechanisms of pure primary blast injury.
Quantification of the biomechanical loading was achieved via monitoring of the incident, reflected, intracranial and lung pressure histories (denoted as the side-on, nose, brain and lungs, respectively in Fig. 2 ). We noticed that the reflected pressure is higher than incident pressure (Fig. 2B, C) , which is typical for a scenario when a high-velocity pressure wave is brought to a sudden stop. 34, 46 Further, the average magnitude of intracranial pressure is generally higher than incident pressure, and ICP profiles have characteristic harmonic pressure oscillations with amplitude of 100-250 kPa (Fig. 2B, 3A , B). Our experimental data are consistent with the results reported by Leonardi and colleagues. 18, 20 The ICP pressure oscillations are caused by the specific material response of the rat skull, which was also demonstrated in a simplified numerical (Fig. 2C) . In an attempt to mitigate these issues we filled up lungs with ballistic gel (20% gelatin), but the recorded pressure profiles in this configuration were of much higher magnitude, i.e. comparable with pressures recorded in the brain.
The mechanisms of the primary blast waves-tissue interactions are at present not completely understood. 20 Frequently, the immediate or delayed mortality is used as an index to quantify the outcome of blast exposure. 21, 24, 32 Thus, we decided to evaluate mortality of rats as a function of exposure to a primary blast at five discrete peak overpressure values (Table 1 , Fig. 1 ). In our model, all rats survived exposure to 130 kPa peak overpressure, compared to 37.5% at 126 kPa in Long's work, which further decreased to 0% when rats were protected by Kevlar vest. 21 However, we should exercise caution when comparing these two studies, as we measure the incident pressure at the animal location, whereas in Long's experiments, the pressure is measured inside the tube, and the animal is located outside (non primary blast conditions). In the latter, the pressure experienced by the animal is different and further, the jet wind effect may also cloud the comparison. Also, in our case, only rat's head is directly exposed to the shock wave, and the internal organs are partially screened by the specimen holder (Fig. 1A, insets) . In Long's tests, rats are placed perpendicularly to the shock tube, and injuries sustained by internal organs are thus predominantly responsible for lethality. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
At higher shock intensities mortality reached 30% and 24% for 190 and 250 kPa groups, respectively. This is similar to mortality rates reported by Garman: ~25% at 240 kPa peak overpressure. 38 We found the mortality is not simply a linear function of the blast intensity, which, to the best of our knowledge, was not reported before. To elucidate the possible etiology and mechanisms of mortality we focused on the brain and the lungs pathology. The detailed analysis of the ICP profiles indicates the peak-to-peak amplitude (Δ pt , Fig. 3 were more severe than in rats exposed to 153 kPa blast. 23 Authors associate their unusual, range specific susceptibility to blast with biomechanical response of the skull.. Our data suggest similar response exists also at higher overpressures. We observed increased mortality at 190 kPa (Table   1) , and a statistically significant body weight loss (Fig. 4) in groups with the highest sum of peak-to-peak amplitude of ICP oscillations. Body weight loss proportional to the blast intensity was reported in mice, 26, 32 and this is typically a manifestation of impairment of neuroendocrine system (hypothalamic-pituitary-target organ axes 49 ) associated with the damage to the hypothalamic region of the brain. 50 In spite there are pretty compelling correlations between mortality rates, peak-to-peak amplitudes and ICP frequencies, more experimental evidence are needed to establish definitive relationships between these variables. These results, thus, need to be treated with extreme caution since comparison between the shock wave with living and dead tissues could be affected by several factors: lack of blood circulation in the brain parenchyma, or effects associated with post-mortem rigor mortis. Moreover, the effect of variability of skull shape between different animals (within the same agegroup), which might ultimately be a decisive factor between survival and death, will require more extensive evaluation than presented in this study.
Animals surviving blast exposure had a significantly decreased heart rate, comparing to control (Fig. 5) . At high peak overpressure values, i.e. 190 kPa or higher, the heart rate is independent of the blast intensity (Fig. 5C, D) . The blast induced bradycardia in our model is similar to reported in other studies using rats. 6, 51, 52 However, in blast trauma mouse model, the opposite relationship was observed: exposure to the mild blast resulted in the heart rate increase immediately after the blast. 26 Bilateral cervical vagotomy and intraperitoneal injection of atropine methyl-bromide completely prevented the bradycardia, thus confirming the vasovagal reflex is responsible for bradycardia in the acute phase after the blast exposure. 6 Gross pathological evaluation revealed that the lung injury immediately following the blast exposure is mild to moderate (Fig. 6 ), and at higher blast intensities the injury score is independent of peak overpressure (Fig. 6G ). Cernak reported mice tested in prone position sustained lower lung injury than tested in the supine position, 19 and these results were correlated with mortality data. Mortality rates were higher for animals tested in the supine (10% and 32%, for moderate and severe groups, respectively) versus prone position (38% and 52%, for moderate and severe groups, respectively). It indicates respiratory tract injury is likely solely responsible or very important contributing factor for mortality in this model. It appears in our case due to different orientation of the rat's body (Fig. 1) , lungs are well shielded and thus interaction with the shock is markedly diminished. Hence, it is unlikely that lung injury is the cause of death in our model. The mortality rates do not correlate with the lung injury scoring data (Fig. 6G) . The intrapulmonary hemorrhage and edema are major factors contributing to the initial respiratory insufficiency, which is accompanied by cardiovascular irregularities. 53 In agreement with others, we observed scattered petechiation and hemorrhage in rats exposed to 130 kPa. 8, 41 Interestingly, in the group of rats exposed to 290 kPa, there was still one animal without any noticeable gross damage in lungs. These data suggest that in our model, lung injury can be a contributing factor for the outcome, but is not solely responsible for mortality rates observed. Only in the case of massive pulmonary hemorrhage and edema, lung injury is potentially a life threatening event;
however, this is not supported by our data. 3, 41 Gross pathological observation of the brains after the blast exposure revealed an absence of focal lesions, contusion, or subarachnoid hemorrhage, similar to findings in the blast mice model. 26 Cernak reported that after improving the head restraint on the animal holder, no sign of subdural and subarachnoid bleeding caused by acceleration/deceleration were seen. This does not rule out the possibility that pure blast can inflict diffuse blood-brain barrier damage at higher blast intensities. To test this hypothesis, we have stained coronal brain sections of rats exposed at 190, 230 and 250 kPa to detect the presence of IgG. The BBB breakdown observed in the acute phase is a hallmark of TBI leading to brain edema and secondary ischemic injuries. 54 Endogenous proteins like IgG are typically detected in the brain parenchyma upon loss of integrity of the BBB. [55] [56] [57] In our bTBI model, there were no obvious signs of injuries in gross pathological evaluation, but we detected widespread presence of IgG in the brain parenchyma 24 hours after exposure (Fig. 7) . However, approximately half of the tested animals in each group had negligible levels of IgG in the brain when compared to control (Fig. 7C) , indicating BBB damage is not an omnipresent universal pathology following bTBI, even at relatively high shock intensities. The "random" character of the BBB damage indicates also the complexity of blast injuries and should be taken into account to devise successful diagnostic and remediating strategies. In our bTBI model the intracerebral bleeding in the 24-hour period post exposure has diffuse character; there are no obvious localized regions of high levels of IgG in the tested samples. Readnower reported increased levels of IgG at 0.5, 3 and 24 hours post-blast in brains of rats exposed to 120 kPa of blast overpressure. 22 In their model, the outermost layer of the cortex was affected and the maximum levels of IgG were detected after three hours postexposure. Rats exposed to blast of 240 kPa peak overpressure had widespread presence of IgG in the neuropil of the cortex, particularly the piriform and entorhinal cortices, and within the underlying striatum contralateral to blast. 38 These authors reported also relatively high variability for IgG extravasation, similar to our results (Fig. 7B) . However, in none of these studies the IgG was detected inside of the neuronal cells. Microscopic analysis at high magnification revealed IgG penetrated into the intracellular space of numerous neurons located in the cortex and hippocampus (Fig 8, 9 ). To the best of our knowledge, this is the first report of ubiquitous IgG This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
the model of focal ischemia, 58 and authors associated accumulation of IgG in the intracellular space with increased membrane permeability. Hoshino and co-workers observed time dependent extracellular IgG accumulation in cortices and hippocampi for up to two weeks after the injury in the model of severe fluid percussion injury. 59 They concluded the IgG immunostaining was the most prominent after 24 hours. These authors also observed intracellular IgG uptake in the brain regions where extracellular IgG was present. Selective accumulation of IgG in neurons was recently observed in the rat model of temporal lobe epilepsy (TLE). 60 In the cold injury model, 61 uptake of blood plasma proteins (albumin, fibrinogen and fibronectin) into damaged neurons was demonstrated by immunostains, and these proteins were retained in the injured neurons for two to four days. The labeling of normal neurons, whose axons or their collaterals passed through or terminated in the lesion was reported, through retrograde axonal transport. However, authors noted this labeling was weaker in non-damaged neurons, and neuronal nuclei were not labeled in these cells in contrast to those of damaged cells. The intracerebral hemorrhage in rats exposed to blast has diffuse character, and thus it is more likely that dominant mechanism of IgG uptake into neurons is due to IgG transport through openings in damaged or dysfunctional plasma membrane. This is corroborated by recent findings of increased levels of Neuron Specific Enolase (NSE) in blood circulation in our model of blast exposure. 62 Accumulation of serum proteins in neurons is linked to brain proteinopathies; their aggregation alters neuronal function and adversely affects the survival. 63 In a summary, during the course of this study we established a relationship between the blast overpressure intensity and acute injury outcomes. We have demonstrated with our shock tube that it is possible to precisely control the loading conditions, generate shock waves resembling field conditions in a wide range of intensities and with peak overpressure difference of merely 20 function of shock wave intensity. We found the mortality rates are correlated to ICP peak-topeak amplitude and frequency, indicating the specific response of the skull to the blast loading is affecting the outcome. These findings are corroborated by the body weight loss, 24 hours postexposure, which was statistically significant in rats exposed to blast at 190 kPa and 250 kPa. The bradycardia and lung injury are independent of the blast intensity at peak overpressures higher than 190 kPa. In both cases the onset at 110 kPa was established, according to models used to characterize both pathologies. The described primary blast injury model is an attempt to standardize the research on the field, provides the basis for further exploration of etiology of complex primary blast induced systemic injuries, testing of injury thresholds and mitigation strategies. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Figure 5.
Representative experimental data demonstrating blast-related bradycardia in the rat model: A. naï ve control, B. rat exposed to 190 kPa peak overpressure (sampling rate 1 Hz in both cases). C. The heart rate monitoring in the acute phase post exposure revealed the average heartbeat decrease was statistically significant (p < 0.05) in animals exposed to blast at peak overpressure of 130 kPa (ΔHR = 40±9 bpm) and higher (average ΔHR = 62±11 bpm for 190, 230 and 250 kPa groups). D. The heart rate difference is not statistically significant between two control and four exposed groups (p > 0.05, marked with ampersand) and follows dose response model in the acute phase post-exposure. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. 13.5 ± 4.0 6 a) standard deviations are reported for peak overpressure and impulse b) impulse is the pressure-time integral of the positive phase of the shock wave c) number of animals used in survival tests d) number of animals used to evaluate blast lung injury e) equivalent of a pressure-impulse profile of a 10 kg of C4 at a distance of 5.62 m from the explosion epicenter f) equivalent of a pressure-impulse profile of a 50 kg of C4 at a distance of 6.72 m from the explosion epicenter
The peak overpressure and impulse average values measured by side-on sensor (incident pressure). Corresponding survival and lung injury score, and the numbers of animals used for both test, are presented.
